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The role of salt in the pathogenesis of arterial hypertension is not well understood. 
According to the current understanding, the central mechanism for blood pressure 
regulation relies on classical studies linking blood pressure and Na+ balance, placing the 
kidney at the very centre of long-term blood pressure regulation. To maintain blood 
pressure homeostasis, the effective circulating fluid volume and thereby body Na+ content 
has to be maintained within very narrow limits. From recent work in humans and rats, the 
notion has emerged that Na+ could be stored somewhere in the body without 
commensurate water retention to buffer free extracellular Na+, and that previously 
unidentified extrarenal, tissue-specific regulatory mechanisms are operative regulating the 
release and storage of Na+ from a kidney-independent reservoir. Moreover, immune cells 
from the mononuclear phagocyte system not only function as local on-site sensors of 
interstitial electrolyte concentration, but also, together with lymphatics, act as systemic 
regulators of body fluid volume and blood pressure. These studies have established new and 
unexpected targets in studies of blood pressure control and thus the pathophysiology of 
hypertension; the interstitium-/extracellular matrix of the skin, its inherent interstitial fluid 
and the lymphatic vasculature forming a vessel network in the interstitium. Aspects of the 
interstitium in relation to Na+ balance and hypertension are the focus of this review. Taken 
together, observations of salt storage in the skin to buffer free extracellular Na+ and 
macrophage modulation of the extracellular matrix and lymphatics suggest that electrolyte 
homeostasis in the body cannot be achieved by renal excretion alone, but also relies on 
extrarenal regulatory mechanisms. 
 




































































Cardiovascular diseases are the major cause of death worldwide and represent a 
dramatic socio-economic challenge. In a recent Global Burden of Disease Survey, high blood 
pressure or hypertension was, on a global basis, identified as the most important cause of 
premature death and disease1. Hypertension accounts for 18% of cardiovascular disease 
deaths in the Western countries, and is a major risk factor for stroke, coronary heart disease 
and heart failure2 with an estimated cost of €169 billion in the European Union3. With an 
aging population, the prevalence of cardiovascular disease is expected to rise. The disease 
burden and related costs of hypertension is thus substantial and call for continuous effort to 
control this condition. Short and long-term blood pressure (BP) regulation is very complex 
and involve the actions of many cardiovascular, renal, neural and local tissue control systems 
as summarized in recent comprehensive reviews4, 5. Our focus here will be local tissue 
systems and in particular the role of salt storage in the interstitium. This area has been 
largely neglected by investigators even though Guyton et al, in their prescient systems 
model of blood pressure regulation included a major component in their model labelled 
tissue fluids, pressures, and gel6. The findings we describe are pertinent to not only this 
state-of-affairs, but also to long-forgotten earlier studies. 
Salt intake has been implicated in blood pressure regulation and hypertension for 
over 5000 years. The role of salt in the pathogenesis of arterial hypertension is not well 
understood and is much debated7, 8. According to the current understanding, the central 
mechanism for blood pressure regulation relies on classical studies linking blood pressure 































































and Na+ balance9, placing the kidney at the very centre of long-term blood pressure 
regulation. Today, the kidney still has an “inextricable role” in hypertension10 even though a 
role for other tissues, notably the skin, has emerged during the last years. As for the kidney, 
any imbalance between dietary salt intake and renal salt excretion leads to a progressive 
alteration in the filling of the vascular system and thus changes in blood pressure. To 
maintain blood pressure homeostasis, the effective circulating volume and thereby body Na+ 
content has to be maintained within very narrow limits. However, already Cannon11 
suggested a role for the loose connective tissue in storage of salt and water in situations of 
“intolerable excess” designated as inundation, and that the skin could serve as a reservoir 
for sodium chloride that could be stored in an osmotically inactive form. Cannon made 
reference to work of Wahlgren, who in 1909, observed that one-third of the body’s chloride 
(he could not measure sodium) was stored in the skin12. Moreover, Guyton et al suggested13 
that strongly negatively charged mucopolysaccharides (later called glycosaminoglycans, see 
below) could attract, and thus create, a higher density of cations such as Na+, and that 
“tissue fluids, pressures and gel” could, as proposed in his extensive model, influence overall 
regulation of circulation6. Inspired by these earlier investigations and later experiments that 
might challenge the generally accepted concept of sodium homeostasis14, Titze et al 
introduced a new paradigm with regard to handling of salt in the body. Based on several 
long-term studies in humans they found that considerable amounts of Na+ are retained or 
removed from the subjects’ bodies without commensurate water retention or loss15. From 
their work in humans and rats, it has emerged that Na+ can be stored buffered in reservoirs 
in the body without commensurate water retention, and that previously unidentified 
extrarenal, tissue-specific regulatory mechanisms are operative regulating the release and 
storage of Na+ from such a kidney-independent reservoir16-22. These studies suggested that 































































the interstium with its extracellular matrix and gel phase might be involved in Na+ 
homeostasis, although, of course, not questioning the pivotal role of the kidney with regard 
to control of total body Na+ and thereby extracellular volume23. Another unexpected aspect 
emerging from these studies on salt storage in skin is that immune cells from the 
mononuclear phagocyte system (MPS) including macrophages and dendritic cells, not only 
function as local on-site sensors of interstitial electrolyte concentration, but also, together 
with lymphatics, act as systemic regulators of body fluid and blood pressure homeostasis24-
26. Together, the observations of Na+ storage in the skin and macrophage modulation of 
tissue extracellular matrix composition and lymphatic structure suggest that effective 
clearance of electrolytes from the body cannot be achieved by renal excretion alone, but 
also relies on extrarenal regulatory mechanisms. Notwithstanding the fact that the role of 
the kidney is undisputed in fluid and blood pressure homeostasis, these studies have 
established new and unexpected targets in studies of blood pressure control and thus the 
pathophysiology of hypertension:  The interstitium-/extracellular matrix of the skin, its 
inherent interstitial fluid and the lymphatic vasculature forming a vessel network in the 
interstitium of most tissues that has an important homeostatic role in the body, as recently 
emphasized by Bhave and Neilson27 in light of new knowledge in the field. In this excellent 
review, they also explored how the interstitial storage and flow of Na+ back into the 
circulation connects with renal Na+ handling as part of an evolving model of body fluid 
dynamics. In the present review, aspects of the interstitium in relation to Na+ balance and 




































































 The interstitium is the space located between the capillary wall and cells28. It consists 
of a fiber framework where collagen is the major component, a gel phase of 
glycosaminoglycans (GAGs), and in tissues with continuous capillaries like skin and muscle in 
focus here, a salt solution containing plasma proteins like albumin and IgG and electrolytes. 
The major fluid compartments of the body are the extracellular fluid (ECF) and intracellular 
fluid (ICF), where the ECF is subdivided into plasma volume and interstitial fluid volume (ISF) 
that may be further subdivided depending on the site of the body and tissue type27. In the 
interstitium, the relative composition of the various components as well as the amount of 
ISF varies considerably between tissues. We will focus on the skin and muscle, where ISF is 
≈50 % and ≈10% of wet tissue weight, respectively29. The composition, structure and 
function of the normal interstitium have been covered in several extensive reviews, and are 
thus only briefly described here30-36. GAGs, of particular interest here because of their 
negative charge37, and the major fibrous structural elements (collagen) are important 
contributors to regulation of interstitial fluid volume and hydraulic conductivity38, and have 
recently been addressed in this context by one of us29. Other components of the ECM 
include elastin, the cell adhesion proteins fibronectin, vitronectin, thrombospondins, and 
laminins39-41.  
 
1. Collagen.  The collagens are a family of proteins in the ECM that have multiple functions, 
including a dominant scaffolding role in various tissues. All consist of three polypeptide α 
chains with triple-helical collagenous as well as non-collagenous domains. Their structures 
and functions have been comprehensively reviewed41-45. Collagen is the major component of 































































ECM in skin and muscle, amounting to ≈20%29 and 1-10%31 of wet tissue weight, 
respectively.  
Whether or not the collagen fibril is charged at physiological pH is of interest in 
relation to Na+ storage. Collagen is a polyampholyte and thus a protein having positively as 
well as negatively charged groups that self-compensates at pH 7.4. In general, collagen I 
fibrils carry a small positive charge (pI ≈8.0) at physiological pH46, 47, estimated to +14 
mol/mol in reconstituted collagen48. Collagen II has a zero net charge density in cartilage49, 
resulting in a slight net positive charge on the molecule46, 50. Collagen has thereby almost no 
net charge, and behaves as an element without high local charge and with no Debye length, 
i.e. no persisting electrostatic effect51.  
 
2. Glycosaminoglycans (GAGs) 
GAGs are unbranched polyanionic polysaccharide chains of variable length made up of 
repeating disaccharide units 37, 52that have been proposed to be implicated in Na+ storage in 
skin16 as discussed below. The disaccharide groups are fully charged at physiological pH, and 
are thus an important contributor to the negative charge of the extracellular matrix in vivo. 
The four major classes of GAGs that can divided into sulphated (heparin/heparan sulphate, 
chondroitin/dermatan sulphate, keratan sulphate) and non-sulphated (hyaluronan)32, 52. 
With the exception of hyaluronan, GAGs are all covalently bound to a protein backbone, and 
the combined macromolecule is called a proteoglycan52. Proteoglycans are structural 
molecules with multiple roles35 that are immobilized in the interstitium, except for 
hyaluronan that is cleared to lymph53 thus entering the systemic circulation. 
 The GAGs adopt highly extended conformations that are essential for hydrogel 
formation54. They attract counterions because of their high net negative charge density and 































































establish a Donnan distribution of diffusible solutes that results in an osmotic pressure 
thereby contributing to the hydration of the interstitium55. Hyaluronan, with molecular 
weight of several thousand kD, is a major GAG , particularly important for skin hydration28. 
Its quarternary random coil structure indicates that hyaluronan molecules will occupy a 
domain with radius 100-1000 times larger than that of the organic material37. Skin is the 
biggest pool of hyaluronan in our bodies (>50% of total in rats)56, whereas <10% is found in 
skeletal muscle57, 58. Examples of the amounts of hyaluronan, GAGs and collagen in skin, 
muscle and lung have been summarized elsewhere29 
 
 
3. Charge of the interstitium. GAGs carry 1-3 negatively charged side groups on each 
disaccharide unit at physiological pH37 and will strongly affect the charge density of the 
tissue, that can also influence the composition of the ISF and fluid balance27, 29. For skin, this 
topic has not attracted much attention until it was shown that the skin GAG content and 
distribution and thereby charge density influences the storage capacity of Na+16. Before 
turning to a discussion on ECM charge and skin Na+ storage, we will briefly recapitulate 
central elements from a more comprehensive discussion of whether the charge density 
affects the composition of ISF29. Interestingly, in cartilage, a tissue where such charge 
phenomena have been studied extensively, e.g.49, polyanionic GAGs will attract monovalent 
cations into the interstitial gel, resulting in Na+ concentrations that may surpass the 
corresponding concentration in plasma by 100 mM59.  
 In one of the few previous studies where the question of potential influence charged 
components in skin affect the composition of the ISF has been addressed, Haljamae et al60 
detected a higher K+ and Na+ and a lower Cl- concentration in tissue and capsular fluid 































































sampled with micropipettes than in plasma. They attributed this discrepancy to an increased 
amount of GAGs in the two extravascular fluids. Differences in concentrations were ascribed 
to variation in types of GAGs and thus electrical charges in the two compartments of origin. 
It should be noted, though, that the tissue elements, including GAG-dense regions, will have 
to be electroneutral61 even when binding increased amounts of cations in situations of high 
Na+ intake. In contrast to Haljamäe et al60, Gilanyi and Kovach62, found no differences in ionic 
concentration between ISF and plasma, that led them to conclude that the ions distributed 
according to the Gibbs-Donnan equilibrium, namely that negatively charged plasma proteins 
(or GAGs in the interstitium) attract cations to increase Na+ and K+, and decrease Cl- 
concentrations in plasma compared with the interstitium. Notwithstanding this fact, based 
on calculations they also concluded that this effect is negligible in the interstitium because of 
the high ionic strength and low protein concentration of the interstitial fluid62.  
Both of the methods used for ISF isolation have their potential caveats; Haljamäe et 
al aspirated carefully to isolate up to 50 nl fluid. For instance, such a small volume may 
represent challenges with respect to e.g. evaporation. Gilyanyi and Kovach collected 20-60 
µl after a trauma inducing exposure of subcutaneous tissue by electrocoagulation. 
Apparently, based on these earlier studies it cannot be established whether the negatively 
charged ECM in skin results in an ISF deviating from plasma with respect to electrolyte 
concentration during steady state control conditions.  Our own recent experiments, 
however, have shown that there are no Na+ or osmolal gradients between plasma, 
interstitium and lymph63. Because we found no indications of total ion as well as cation 
gradients, our observations suggest that there are no anionic gradients, and thereby that the 
effect of Donnan forces on ISF and lymph ion distribution is negligible, in agreement with 
predictions discussed above62. Clearly, our knowledge on the interaction between ions and 































































the extracellular matrix elements, and how ions are stored in GAGs in normal as well as high 
salt situation is very limited and should be addressed in future studies. 
 
4. Interstitial fluid – space and volume regulation.  
The transcapillary exchange of water and solutes and formation of interstitial fluid is 
determined by properties of the capillary wall, hydrostatic pressure, and protein 
concentrations in the blood and interstitium that will exert a colloid osmotic or oncotic 
pressure29. The basic principles for such transport described by Starling more than a century 
ago64 are still valid in spite of recent important modifications65. There is a transcapillary 
colloid osmotic pressure difference because the vessel wall is relatively impermeable to 
macromolecules and proteins, and a hydrostatic pressure gradient between the capillary 
pressure driving filtration and the pressure in the ISF. Commonly these hydrostatic and 
colloid osmotic pressures across the capillary are referred to as Starling forces. We will not 
address this topic further here, but rather refer to detailed, comprehensive reviews on 
transcapillary fluid exchange and interstitial fluid volume regulation28, 29, 66-69.  
A common feature of all tissues studied is that an enhanced net filtration will 
enhance ISF hydrostatic pressure and thus exert hydrostatic buffering and at the same time 
reduce ISF colloid osmotic pressure resulting in colloid osmotic buffering. Moreover, an 
augmented filtration will lead to increased lymph drainage thereby preventing the formation 
of edema, thus constituting “safety factors against edema”13 contributing to maintenance of 
interstitial fluid volume. Actually, normal control of ISF volume is achieved through changes 
in ISF hydrostatic and colloid osmotic pressures that will counteract alterations in capillary 
fluid filtration and restore normal filtration, termed “autoregulation” of interstitial fluid 
volume28, 55.  
































































Lymph vessels and fluid composition 
ISF is formed continuously by filtration, and lymph vessels are required for carrying 
fluid, interstitial proteins and peptides, and cells, notably immune cells, to the lymph nodes 
and back to the blood circulation29. Lymph vessels are introduced here because of their 
newly recognized role in blood pressure control as will be addressed in more detail below. 
For a more extensive discussion of lymphatic function we refer to several recent 
comprehensive reviews70-72. Moreover, the architecture of the initial part of the lymphatic 
system has been reviewed in detail73, 74.  
With some exceptions, lymph vessels are present in almost, although not in avascular 
tissues such as epidermis, cartilage, the eye lens, and cornea as well as some vascularized 
organs like retina and bone marrow73. Until recently, the brain was considered to be missing 
lymphatics, but recently vessels were discovered in dura mater but not in the brain proper75, 
76. Originating in the interstitium, initial lymphatic vessels are non-contractile, considerably 
larger (10 – 60 µm77) than surrounding blood capillaries. These vessels are connected to the 
elastic fibers in the surrounding ECM via so-called anchoring filaments 78, 79. Formed lymph 
drains to larger collecting lymphatics having smooth muscle cells, continuous endothelium, 
basement membrane and regular valves. Segments between valves in collecting lymphatics 
are called lymphangions, all propelling lymph centrally. From collecting vessels lymph passes 
through lymph nodes, thus making the lymph pre- or postnodal (alternatively afferent or 
efferent) with respect to the node, influencing lymph composition73, 80 as well as passing 
immune cells81.   
 As will be seen below, when discussing the role of the interstitium in salt 
homeostasis, it important to know whether the composition of sampled lymph is 































































representing ISF. Direct comparisons between prenodal lymph and ISF isolated with 
different techniques indicate that the protein concentration and composition is similar in 
steady state conditions82-84, indicating that there is no detectable change in protein 
concentration and thereby no net water transport along prenodal collecting lymphatics. In 
the mesentery, however, prenodal lymphatics were found to be permeable to albumin85, 
and capable of distributing lymph components to surrounding fat86. Moreover, lymphatic 
endothelial cells in dermis were recently found to be capable of albumin uptake87. Whether 
such transport also includes water and solutes, and whether collecting lymphatics are 
permeable to proteins in other vascular beds will have to be determined. Until such data are 
available, there seems to be no reason to abandon the generally accepted view that 
prenodal lymph is not modified during its passage to the lymph node and may be considered 
as representative for interstitial fluid28, 55, 66, 88. 
 
Lymph vessels and immune cell interaction.  
In addition to their role in fluid homeostasis, the interaction between immune cells 
residing in the interstitium and lymphatics is crucial in immune homeostasis and also, as we 
shall see below, of relevance for blood pressure regulation. Whereas of limited interest until 
a few years ago, this interaction is now an area with substantial interest as reflected by 
many recent reviews e.g.72, 89-92, briefly summarized here. Interestingly, lymphatic 
endothelial cells (LECs) themselves appear to play active roles in controlling their own 
transport function and communicating with immune cells to modulate downstream 
function91. Recent data suggest that LECs shape innate as well as adaptive immunity through 
expression of multiple cytokines, scavenge and process antigens for presentation to T-cells 
and also regulate fluid and solute transport91. For immune cells expressing the receptor 































































CCR7, notably dendritic cells (DCs), a chemoattractant gradient consisting of CCL21 produced 
by LECs is an important mediator of entrance into the initial lymphatics72. In the skin, each 
layer is inhabited by different immune cells populations having the same precursor93. 
Langerhans cells reside in epidermis, whereas dermis contains tissue resident dermal 
macrophages and dermal dendritic cells. Hypodermis contains macrophages and T-cells. 
Monocytes, macrophages and DCs are elements in mononuclear phagocyte system (MPS), a 
body-wide, specialized system of phagocytic cells. This system functions in the innate 
immune response, in support of the adaptive immune response and in the maintenance of 
tissue homeostasis94, recently shown to be involved in salt homeostasis as discussed below.  
 
Sodium storage in the interstitium 
The extracellular fluid volume (ECV) in skin and muscle together constitute ≈60% of 
body’s ECV28 and are therefore likely reservoirs for storage of the dominantly extracellular 
ion Na+ in situations of excess. The traditional textbook view is that upon excess intake of 
salt, some of it is retained and water conservation mechanisms activated such that the 
intravascular as well as interstitial part of the extracellular volume and thereby body weight 
is increased, and a new steady state established in 3-4 days when the salt excretion matches 
the intake23, 95. Although plasma volume increased concomitantly with NaCl intake, in two 
carefully controlled series of experiments in humans exposed to increased salt ingestion, 
Heer et al96 found that total extracellular volume and body weight were not increased, 
thereby challenging “established” knowledge. The authors concluded that Na+ did not result 
in a corresponding body water accumulation, but led to a shift of fluid from the interstitial to 
the intravascular fluid phase. Interestingly, blood pressure was unaffected by the salt 
ingestion in spite of significant dose dependent increases in plasma volume.  































































Although not applying to the study by Heer et al above96, a common problem in Na+ 
balance studies in humans is short duration and precise control of Na+ intake and output. 
These problems have been avoided in a series of experiments with careful monitoring of Na+ 
balance performed by the Titze group on persons in simulated space flights. In their first 
study in this series lasting 135 days involving variable Na+ intake21, they found sodium and 
water accumulation in the initial phase, but a decoupling of sodium and water towards the 
end of the study, suggesting that some of the sodium accumulated in an osmotically inactive 
form. The BP increased with Na+ accumulation in two of the three subjects studied. This 
work was followed up by more extensive long term Na+ balance studies simulating a space 
flight to Mars involving 105 and 205 days of intervention where the subjects ate of 12, 9 and 
6 g salt every day in periods of 35 days15. During abrupt increases in salt intake they found 
the proposed by textbooks short-term increases in total-body Na+ and extracellular water, 
rapid suppression of aldosterone urinary excretion, and expected adjustment in sodium 
urinary excretion to the next salt intake level. They also found a modest, variable salt effect 
on blood pressure, possibly due to Na+ buffering in the interstitium. This effect was, 
however, delayed and required several weeks to achieve a plateau. Analysis of the data on a 
longer times-scale, however, showed that at constant salt intake, endogenous about-weekly 
rhythms in aldosterone and/or cortisol induced large and spontaneous variability in sodium 
excretion that was independent of salt intake, and importantly, that there was no 
relationship between changes in total body Na+ and BP. In this context, it is interesting to 
note that in mice, Na+ urinary excretion and aldosterone level in plasma is regulated by the 
circadian clock protein Per197, 98. This gene may have been involved in the rhythmic 
variations described in the long-term experiments15 and calls corresponding experiments in 
humans.  































































By additional analyses of data from the same ultra-long term balance studies the 
authors have found that notwithstanding the fact that elevated salt intake resulted in an 
expected increased sodium excretion, the water intake (ad libidum) was decreased99. This 
decrease, however, could be explained by water produced by body internal metabolic 
production induced by increased cortisone secretion as reflected by urinary excretion.  This 
led them to the conclusion that humans react to high salt intake by urea-driven renal water 
conservation, and by glucocorticoid –associated endogenous water production, and thus 
that dietary salt has a catabolic effect. This way, the endogenously generated water 
facilitates the diuresis required to excrete excess sodium. Such salt-induced subclinical 
hyper-glucocortocoid production, that was confirmed in mechanistic experiments in mice100, 
could link high-salt intake with diabetes mellitus, cardiovascular and several other major 
disease groups99. That high salt intake results in an increase in glucocorticoids have been 
shown in humans 101 as well as mice 102, and even though glucocorticoids promote salt-
sensitive hypertension it is not known whether moderate excess contributes to increased BP 
103.  
In the studies discussed above performed in young healthy male volunteers, the 
association between total body sodium accumulation and BP was variable and thereby 
unclear. The development of 23Na-MRI104 enabled non-invasive and longitudinal 
quantification of Na+ by imaging, and established that Na+ accumulation in skin and muscle is 
associated with essential hypertension in patients. In the initial method description study104, 
hyperaldosteronism gave significant Na+ accumulation in muscle and increased BP that both 
were reversed after treatment with the aldosterone antagonist spironolactone. In a more 
extensive follow-up study, the same group used this method to assess tissue sodium in 
normal control subjects and 57 men and women with essential hypertension105. The group 































































found age-dependent increases in Na+ content in muscle in men that was not associated 
with increase in water content, indicating water-free Na+ storage.  In skin, there was an 
increase in Na+ content with age in men as well as women. Interestingly, when controlled for 
age, there was increased tissue Na+ content in patients with refractory hypertension when 
compared with controls, linking sodium storage in skin and muscle to essential hypertension 
(Figure 1). Recently, Schneider et al106 demonstrated that although skin sodium content 
correlated with systolic BP, skin sodium was an even stronger predictor of left ventricular 
mass in patients with chronic kidney disease. In these patients, it may be that the high skin 
Na+ is reflecting the myocardium and thereby is a surrogate marker for elevated Na+ in the 
heart and of BP-independent processes, e.g. mediated by macrophages attracted by high 
salt107, in the myocardium. These studies call for direct measurements of cardiac sodium by 
MRI.  
Above we have discussed salt accumulation in skin and muscle as a risk factor for 
development of essential hypertension, but recently high salt conditions, induced by 4% 
NaCl in the chow combined with 1% NaCl in the drinking water (named HSD), have been 
found to exacerbate autoimmune encephalitis in mice108-110 and cancer in gerbils111. On the 
other hand, salt accumulation in the skin can actually be protective against infections by 
strengthening the antimicrobial barrier in humans and mice by boosting the classical 
macrophage activation and thereby host defence112. The role of Na+ as a regulator of 
immunity has been reviewed recently113 and will be discussed in more detail below in 



































































Adaptations to and the pathophysiological importance of interstitial salt storage 
Up till now, we have discussed studies showing that the accumulation of sodium in 
skin and muscle is associated with essential hypertension in humans, but these were 
preceded by a series of investigations in experimental animals all showing sodium without 
commensurate water accumulation17-21, 114. The data from the animal studies suggested that 
an increased amount of Na+ could be made osmotically inactive by binding to tissue 
glycosaminoglycans that was shifted towards GAGs with increased Na+ binding capacity in 
situations of high Na+ load. Later this work led to mechanistic studies showing the role of 
mononuclear phagocyte system (MPS) cells and lymphatics in skin in blood pressure control, 
indicating that Na+ homeostasis in the interstitium cannot be maintained by renal function 
only but will require additional extra-renal buffer mechanisms involving MPS-cells and skin 
lymphatics (Figure 2).  
The observations of an incommensurate Na+ and water accumulation led to the 
question of how salt could be stored in the interstitium without being osmotically active. 
Two mechanisms have been proposed; one is by increasing the content and charge density 
of the negatively charged GAGs that are an integral part of the extracellular matrix22 and the 
other that Na+ may be stored intracellularly27. Although it is well established that GAGs are 
important in maintaining hydration of the interstitial fluid phase, more recent studies have 
suggested that skin GAGs also play a role of in total body Na+ and thereby regulation of fluid 
volume. In a series of papers from the Titze group it was first shown that upon high salt 
feeding there is an augmented GAG content in skin and cartilage22. Later the group 
determined osmotically active and inactive Na+, defined as Na+ accumulation with or without 
corresponding accumulation of water. In growing rats on a low compared with a high salt 
diet, they found that whereas total body Na+ content relative to dry weight was reduced 































































during growth, there was an additional diet induced relative reduction of osmotically 
inactive Na+ originating mainly from the skin16. A low salt diet resulted in a change skin GAG 
composition with increased hyaluronan and reduced sulphated proteoglycans (PG), thus 
lowering the charge density and water-free Na+ binding to the ECM, whereas a high salt diet 
gave an increase in sulphated GAGs and an increased capacity for Na+ binding. A shift in the 
composition of GAGs may represent an actively regulated mechanism for interstitial cation 
exchange that is involved in the control of extracellular fluid volume and blood pressure16. 
These suggestions based on experimental animal work were recently supported by data 
from humans showing that the skin may serve to buffer dietary salt115 and moreover that 
glycosaminoglycans are involved in sodium storage116. 
In contrast, based on the observation that Na+ associated with negatively charged 
purified GAGs in cartilage exhibits an osmotic coefficient similar to normal saline117, Bhave 
and Neilson27 concluded that Na+ associated with GAGs in skin is osmotically active. 
According to their calculations this would mean that for skin, ≈20 -40 mmol/L gradients of 
Na+ stored in skin GAGs (estimated from ashing experiments, e.g.25) would set up a colloid 
osmotic pressure from GAGs of 100 mm Hg, that would have to be balanced by a hydrostatic 
pressure set up by collagen to eliminate water movement. Normal transcapillary Starling 
pressures are normally way lower than this (e.g. reviewed in28), and one might expect that 
pressures in this range would result in substantial changes in skin fluid volumes that have 
not been observed in salt loading experiments. As an addition or alternative to storage in 
GAGs, they suggest intracellular Na+ accumulation in exchange for K+ or other intracellular 
osmolytes in situations of Na+ surplus27, that will work well in the cell rich muscle also shown 
to accumulate salt17 but less well in the more cell-poor dermis. Significant amounts of Na+ 
may, however, be stored in in the cell rich epidermis, shown to concentrate Na+ by such 































































mechanisms118, 119. How Na+ is stored in skin is therefore not established, but should be 
addressed in more detail for insight into the homeostasis of this important cation. 
One part of this salt storage question is whether salt accumulation is reflected in 
interstitial fluid bathing all cells in the interstitium, that can be of importance for osmolar 
sensing by e.g. macrophages and clearance of electrolytes when ISF is converted to lymph 
after entering a lymphatic. Moreover, changes in GAGs induced by high salt diet (e.g.16) 
made it relevant to determine the concentration of Na+ in proper ISF. The question is 
whether GAGs in skin establish a gradient in Na+ different from what can be predicted by the 
Gibbs-Donnan effect for the capsule and ISF120 (vide supra) and whether there is a gradient 
between the plasma and ISF that might attract fluid to the interstitium. We have addressed 
this issue in two different series of experiments reaching diverging conclusions. In the first 
series, we found that HSD (in rats 8% salt in the chow) gave salt accumulation, and resulted 
in increased tissue osmolality of ≈20 mosmol/kg as determined with a vapor pressure 
osmometer26, showing that the salt storage affected the total skin osmolality. In a recent 
series of experiments, we addressed the question of whether the tissue hyperosmolality was 
reflected in the skin interstitial fluid phase by isolating ISF from implanted wicks or lymph 
draining skin from the tail63. Although we were able to verify that salt accumulation results 
in an increase in total skin osmolality, skin ISF and lymph osmolality was identical in low and 
highs salt diet and deoxycorticosterone (DOCA)-salt rats. Because lymph may be considered 
as the “gold standard” representative for interstitial fluid in steady state conditions28, 29, 66, 
we concluded based on our lymph as well as wick data that interstitial fluid from skin is 
isosmotic with plasma even if the tissue is hyperosmotic because of salt accumulation63. An 
osmolal gradient between the skin tissue and its constituent ISF might seem 
counterintuitive, and should be sought explained by additional studies. 































































Because the previously observed significantly higher Na+ concentration in lymphatics 
measured with the x-ray electron microprobe analysis than in plasma26 could reflect 
intracutaneous electrolyte gradients, we eluted skin samples separated in epidermis-upper 
dermis (upper 0.5 mm) and lower dermis (subsequent 0.5 mm). We found that there was an 
osmolyte gradient from epidermis to dermis in skin that increased during salt accumulation, 
and that urea was an important contributor to this gradient (Figure 3). Our observations of a 
gradient increasing with salt accumulation support the notion that there is a counter-current 
exchange of osmolytes in the skin118. These findings, however, calls for a more detailed 
assessment of the gradient in higher resolution to be better able to understand the 
functional implications of this observation 63. The role of urea in this context will be of 
particular interest to explore in light of the new observations that the body generates urea 
to conserve water and excrete salt99. The observed urea-gradient in the skin may contribute 
in this process, assisted by keratinocytes that control generation of NO in epidermis and 
upper dermis and thereby contribute in BP regulation121. Active transport by keratinocytes 
may moreover contribute to the generation of the observed skin osmolar gradient because 
of their ability to transport sodium being provided with epithelial sodium channels 
(ENaCs)122. This potential dual role of keratinocytes calls for a more detailed analysis of skin 
gradients and the role of keratinocytes in BP regulation.  
 
Role of lymphatic vessels and innate immune cells in salt handling 
Experiments in rats and mice have indicated that the response to high salt is initiated 
by activation of transcription factor tonicity-responsive enhancer binding protein (TonEBP, 
gene name Nfat5) in infiltrating MPS-cells from the innate immune system24, 25. When these 
cells, notably macrophages, are exposed to a hypertonic microenvironment they express 































































TonEBP, leading to release of vascular endothelial growth factor C (VEGF-C). VEGF-C is the 
primary lymphatic vessel growth factor, and its release results in hyperplasia of the lymph 
capillary network that facilitates sodium and chloride clearance from the tissue. Oppositely, 
failure of such macrophage-driven clearance results in skin electrolyte overload and 
hypertension 24, 25. Recently, we presented more detailed knowledge on the role of MPS-
cells in electrolyte and blood pressure homeostasis. By genetic deletion of TonEBP in MPS-
cells, lymphangiogenesis was prevented, also resulting in skin electrolyte accumulation and 
salt-sensitive hypertension. Pharmacological blockade of VEGFR3 (receptor for VEGF-C) and 
skin specific trapping of VEGF-C in mice with selective overexpression of VEGFR3 in skin gave 
the same effect with respect to skin electrolyte accumulation and blood pressure. These 
experiments led us to conclude that MPS-cells via TonEBP-VEGF-C signaling exert 
homeostatic immune function in the skin by regulating electrolyte clearance via cutaneous 
lymph capillaries, thus contributing to blood pressure control.  
The functional role of lymphangiogenesis in this context was however addressed in a 
recent study in rats using the multitargeted VEGF inhibitor sunitinib123. The question asked 
was whether sunitinib augmented the BP rise induced by HSD because of a concomitant 
attenuation of skin lymphangiogenesis. It was found that the HSD induced a rise in BP that 
was aggravated by sunitinib, apparently supporting the initial hypothesis. Whereas HSD was 
associated with an accentuated MPS cell infiltration and lymphangiogenesis in the skin, the 
lymphangiogenesis was not significantly impaired by sunitinib.  This led to the conclusion 
that impaired skin lymphangiogenesis was not a major contributor to the rise in BP observed 
with sunitinib under HSD, thus calling for additional mechanistic studies on sunitinib and salt 
sensitivity. 































































Interestingly, it was recently shown that high salt conditions reduced the activation 
of innate immune cells that attenuate the tissue inflammation. These cells are called 
alternatively activated (M2) macrophages as opposed to classically activated (M1), 
proinflammatory macrophages.  Such reduced M2 macrophage activation may result in a 
more pronounced proinflammatory response and an overall imbalance in immune cell 
homeostasis124. In line with this observation, skin macrophages from high-salt–treated mice 
with either genetic or pharmacologic inhibition of the cyclooxygenase-2 pathway expressed 
decreased M2 markers and VEGF-C production, and exhibited aberrant 
lymphangiogenesis125. These studies by Zhang et al suggested that cyclooxygenase-2–
derived prostaglandin-E2 in hematopoietic cells plays an important role in skin as well as 
kidney in maintaining homeostasis in response to chronically increased dietary salt. 
Although assigned an important role in BP control, the functional capacity for fluid 
transport of the newly generated lymphatics has not been evaluated. Accordingly, we do not 
know if the skin lymph flow is actually enhanced in high salt conditions. Kwon et al 126 have, 
however, assessed lymphatic contractile function in rats and mice on high salt diet, and were 
able to show dilated vessels having an increased contractility in the high salt diet animals. 
These observations were supported by data from isolated vessels showing an increased 
contractility during high salt conditions127, but were complicated by data from the same 
researchers showing that there was a differential effect of high salt on afferent (reduced) 
and efferent (enhanced) collecting vessel contractility128, that make it hard to decide the net 
effect of high salt on lymph flow. Whether the lymphatics formed by lymphangiogenesis are 
capable of transporting increased electrolyte loads back to the general circulation and 
thereby to the kidney for final disposal that might be reflected as an increased lymph flow 
has yet to be determined (Figure 2).  































































Above we have discussed the role of high salt conditions on MPS cells from the 
innate immune system, but high salt also influence cells from the adaptive immune system. 
It has recently been shown that T-cells exposed to high-salt conditions polarize into highly 
pro-inflammatory autoimmune Th17 phenotype cells that produce interleukin-17 (IL-17) and 
worsen experimental autoimmune encephalitis109, 110 and also attenuates the immune 
suppression by impairing the function of FOXP3+ regulatory T-cells129. In addition, 
autoimmune processes like systemic sclerosis may attract salt that may per se modulate, 
and be a biomarker, of the disease process130. The fact that high salt result in Th17 
polarization and thus IL-17 production is interesting considering the recently appointed role 
of IL-17 in the pathogenesis of hypertension131 and may indicate that this cytokine is 
involved in generation of salt-sensitive hypertension. Apparently, the many studies showing 
that high salt in the tissue microenvironment drives immune cell activation suggest that this 
results in an interstitium that is in a chronic inflammatory state, again resulting in vascular 
target organ damage, increased vessel stiffness132 and elevated blood pressure. This 
mechanism may be of particular relevance in aging shown to result in salt accumulation in 
skin and muscle 105, and also be an extrarenal contributor microvascular stiffening133 and 
thus to the malignant hypertension that may develop in autoimmune scarring diseases of 
the skin like scleroderma134  
 
To summarize, we here discuss a new and unexpected, but hardly unknown target in studies 
of blood pressure control and thus the pathophysiology of hypertension:  the interstitium-
/extracellular matrix of the skin (and muscle) and its inherent interstitial fluid. As a part of 
the interstitial matrix, the lymphatic vasculature forms a vessel network in the interstitium 
of most tissues that has a role in BP control. It has emerged that Na+ can be stored and 































































thereby buffered in the body without commensurate water retention. Although not 
questioning the “inextricable role” of the kidney in salt homeostasis and hypertension10, 
there appear to be previously unappreciated extrarenal, tissue-specific regulatory 
mechanisms that are operative that regulate the release and storage of Na+ from a kidney-
independent reservoir and thereby buffer a salt load. Such sodium reservoirs may have 
evolved to facilitate survival during long fasts and in salt poor environments.  Regarding salt 
storage in skin, molecular mechanisms have been identified by which cells from the 
mononuclear phagocyte system (MPS) including macrophages and dendritic cells, not only 
function as local on-site sensors of interstitial electrolyte concentration, but also contribute 
to body fluid and blood pressure homeostasis. This “immune cell” response leads to salt-
sensitive hypertension24-26. Subcutaneous tissue macrophages express the transcription 
factor tonicity enhancer binding protein (TonEBP) in response to osmotic shifts induced by 
Na+ storage in the interstitium. These cells secrete the major lymphatic vessel growth factor 
VEGF-C, binding to VEGFR-3 on lymphatic capillaries and thereby inducing hyperplasia of the 
lymph-capillary network25, 26. Taken together, observations of salt storage in the skin to 
buffer free extracellular Na+ and macrophage modulation of the extracellular matrix and 
lymphatics suggest that electrolyte homeostasis in the body cannot be achieved by renal 
excretion alone, but also relies on extrarenal regulatory mechanisms. 
 
Perspectives 
When trying to place our discussion on extracellular electrolyte homeostasis in 
extrarenal tissues in the perspective of blood pressure control, we enter into the 
controversial field of how high salt intake might cause hypertension; by vasodysfunction8 or 
by renal dysfunction characterized by impaired pressure natriuresis7. Although shown to be 































































present in long term sodium balance studies135 and important for blood pressure control136, 
a careful review of available data led Bie and Evans137 to the conclusion that the pressure 
natriuresis mechanism is neither the only nor the predominating mechanism of sodium 
homeostasis. Age- and sex-dependent differences in skin and muscle Na+ content paralleled 
by corresponding increase in blood pressure in the same subjects105 might indicate that 
tissue Na+ storage is either associated with, or mechanistically related to, the development 
of essential hypertension in humans and thus buffering in the extrarenal interstitium as 
discussed above. Clearly, the kidney is critical for sodium excretion and thereby for the 
regulation of body fluid homeostasis and blood pressure, but how can it be influenced by the 
Na+ in the extrarenal interstitium? As suggested by Ivy and Bailey136, this can occur via 
immune cells secreting VEGF-C thus inducing lymphangiogenesis when exposed to high salt. 
This way lymphatics may control the amount of sodium that is returned to the blood from 
the tissue store and thereby amount the kidney “sees”. Other ways for buffered salt in the 
interstitium to influence blood pressure is through regulation of skin resistance vessel 
reactivity that has been shown to be increased by HSD132, or through the generation of local 
reactive oxygen species that leads to vasoconstriction and elevated BP112. Elucidation of the 
how salt in the interstitium is connected to the vasculature and kidney will pave the way for 
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Figure legends 
Figure 1. 23Na magnetic resonance imaging (23Na-MRI) of tissue Na+. A. Representative 23Na-
MR image of the lower leg of a young normotensive man vs an older man with hypertension. 
Tubes with solutions containing 10, 20, 30, and 40 mmol/L of NaCl are arranged below the 
extremity, thereby allowing us to calibrate tissue Na+. Tissue Na+ content is increased in the 
old compared with the young subject. B. Tissue water in the same young and old man 
detected with conventional 1H-MRI. No difference in muscle water content is visible to the 
naked eye. Reproduced from Kopp et al, Hypertension 2013105 with permission from The 
American Heart Association. 
 
Figure 2. The traditional research approach for body electrolyte balance and blood pressure 
homeostasis is based on the concept of passive body fluid equilibrium in closed systems 
where known forces are balanced and electrolyte concentrations are not remarkably 
different between blood volume and interstitial volume. The extended research approach 
for body electrolyte balance and blood pressure homeostasis presented here is based on the 
finding that interstitial electrolyte concentrations are higher than in blood (“skin sodium 
storage”). Interstitial electrolyte balance is not achieved by renal blood purification alone, 
but instead relies on additional extrarenal regulatory mechanisms within the skin 
interstitium (gel of glycosaminoglycans). Macrophages act as local osmosensors that 































































regulate local interstitial electrolyte composition via a tonicity-enhancer–binding 
protein(TonEBP)/vascular endothelial growth factor C (VEGF-C)–dependent mechanism, 
enhancing electrolyte clearance via VEGF-C/vascular endothelial growth factor R3 (VEGFR3)–
mediated modulation of the lymph capillary network in the skin. Cl, chloride; eNOS, 
endothelial nitric oxide synthase; Na+, sodium; NO, nitric oxide; VEGFR, vascular endothelial 
growth factor receptor.  
 
Figure 3. A. Individual values of osmolal content after elution in distilled H2O of epidermis 
and associated upper dermis (Epidermis) and corresponding lower dermis (Dermis) isolated 
from rats on low salt diet (LSD) (n=11), high salt diet (HSD) (n=9) and DOCA salt (n=6). (*: 
p<0.05, †: p<0.01 and ****p<0.0001 when comparing Epidermis and Dermis with Student t 
tests in corresponding tissues or ANOVA followed by Dunnett test when comparing HSD and 
DOCA with LSD Epidermis).  B: Individual values of urea content of epidermis and associated 
upper dermis (Epidermis) and corresponding lower dermis (Dermis) isolated from rats on 
low salt diet (LSD) (n=10), and high salt diet (HSD) (n=9) and DOCA salt (n=5). (*: p<0.05 and 
***p<0.001, Student’s t-test). Figure panels modified from Nikpey at al, Hypertension 201763 
with permission from The American Heart Association.  
 
 

































































Figure 1. 23Na magnetic resonance imaging (23Na-MRI) of tissue Na+. A. Representative 23Na-MR image of 
the lower leg of a young normotensive man vs an older man with hypertension. Tubes with solutions 
containing 10, 20, 30, and 40 mmol/L of NaCl are arranged below the extremity, thereby allowing us to 
calibrate tissue Na+. Tissue Na+ content is increased in the old compared with the young subject. B. Tissue 
water in the same young and old man detected with conventional 1H-MRI. No difference in muscle water 
content is visible to the naked eye. Reproduced from Kopp et al, Hypertension 2013105 with permission 
from The American Heart Association.  
 
 

































































The traditional research approach for body electrolyte balance and blood pressure homeostasis is based on 
the concept of passive body fluid equilibrium in closed systems where known forces are balanced and 
electrolyte concentrations are not remarkably different between blood volume and interstitial volume. The 
extended research approach for body electrolyte balance and blood pressure homeostasis presented here is 
based on the finding that interstitial electrolyte concentrations are higher than in blood (“skin sodium 
storage”). Interstitial electrolyte balance is not achieved by renal blood purification alone, but instead relies 
on additional extrarenal regulatory mechanisms within the skin interstitium (gel of glycosaminoglycans). 
Macrophages act as local osmosensors that regulate local interstitial electrolyte composition via a tonicity-
enhancer–binding protein(TonEBP)/vascular endothelial growth factor C (VEGF-C)–dependent mechanism, 
enhancing electrolyte clearance via VEGF-C/vascular endothelial growth factor R3 (VEGFR3)–mediated 
modulation of the lymph capillary network in the skin. Cl, chloride; eNOS, endothelial nitric oxide synthase; 
Na+, sodium; NO, nitric oxide; VEGFR, vascular endothelial growth factor receptor.  
 
 

































































Individual values of osmolal content after elution in distilled H2O of epidermis and associated upper dermis 
(Epidermis) and corresponding lower dermis (Dermis) isolated from rats on low salt diet (LSD) (n=11), high 
salt diet (HSD) (n=9) and DOCA salt (n=6). (*: p<0.05, †: p<0.01 and ****p<0.0001 when comparing 
Epidermis and Dermis with Student t tests in corresponding tissues or ANOVA followed by Dunnett test when 
comparing HSD and DOCA with LSD Epidermis).  B: Individual values of urea content of epidermis and 
associated upper dermis (Epidermis) and corresponding lower dermis (Dermis) isolated from rats on low salt 
diet (LSD) (n=10), and high salt diet (HSD) (n=9) and DOCA salt (n=5). (*: p<0.05 and ***p<0.001, 
Student’s t-test). Figure panels modified from Nikpey at al, Hypertension 201763 with permission from The 
American Heart Association.  
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